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Available online 20 November 2011Abstract The in vitro neuralization of hESCs has been widely used to generate central and peripheral nervous system com-
ponents from neural precursors (Bajpai et al., 2009; Curchoe et al., 2010), most often through an intermediate “rosette”
stage. Here we confirm that hESC derived neuro-epithelial rosettes express many characteristics of the developing embryonic
neural plate (Aaku-Saraste et al., 1996), characterized by expression of the tight junction proteins ZO-1 and N-Cadherin. More-
over, neuro-epithelial rosettes display a characteristic acetylated alpha tubulin cytoskeletal arrangement (similar to that ob-
served in the developing embryonic neural plate) (Bhattacharyya et al., 1994).
Demonstrated here for the first time MKLP was observed in a hESC model system. We found MKLP expression in small particles
in between mitotic spindles, large particles aggregating in the lumen of neuroepithelial rosettes, and we did not observe MKLP
in the nucleus of hESC derived neural precursors as previously described in the HeLa cell line. We observed MKLP+ particles in
aggregations in the lumen of “early” rosette structures. Furthermore, we observed that MKLP+ particle aggregations can also
be lost from the lumens of hESC derived neuro-epithelial rosettes, similar to a phenomenon observed in the developing neural
tube in vivo (Marzesco et al., 2005). We determined that this loss of MKLP+ particles occurs from “late” as opposed to “early”
stage neuro-epithelial rosettes (characterized by junction type).
Disrupting the apical-basal polarization of “early” stage rosettes with a 1% Matrigel overlay (Krtolica et al., 2007) nearly ab-
lates MKLP particle aggregation in the lumen of rosettes, demonstrating that the apical-basal polarity of early NE cells is nec-
essary for lumenal MKLP particle aggregation.
We conclude that early hESC derived neuro-epithelial rosettes can model early neurulation events, such as the transition from
neural plate like cells to neural tube like cells (i.e. symmetric to asymmetric NE cell division) demonstrated by polarized MKLP
particle inheritance and distribution using junction type as a measure of stage.
© 2011 Elsevier B.V. All rights reserved.Introduction
In vivo, neuro-epithelial (NE) cells are the primary progenitors
of the central nervous system and symmetrically divide to⁎ Corresponding author at: New York University Langone School of
Medicine, New York, NY 10016. Fax: +1 212 263 8211.
E-mail address: carol.curchoe@nyumc.org (C.L. Curchoe).
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doi:10.1016/j.scr.2011.11.003expand the developing neocortex (Gotz and Huttner, 2005).
The complex spatial and temporal differentiation of NE into
the neural tube instructed by a complex set of signaling mole-
cules, has been extensively characterized in model organisms,
such as mouse and chick (Ishibashi, 2004). Human neural devel-
opment is comparatively less characterized due to inaccessibil-
ity of tissues and lack of an experimental model. Human
embryonic stem cells (hESCs) can serve as amodel experimental
240 C.L. Curchoe et al.system to study human neurulation events (Nat et al., 2007;
Fasano et al., 2010; Pankratz et al., 2007).
The proliferation and differentiation of stem and progenitor
cells lies at the heart of many human diseases, such as cancer
(Reya et al., 2001), and is also of fundamental importance to
the development of cell replacement therapies for diseases
such as Parkinson's and Alzheimer's, as well as spinal cord injury
and is already used widely for some lineages, such as in bone
marrow transplantation (Krause et al., 2001). The underlying
mechanisms of proliferation and differentiation are complex
and some aspects have recently been defined. One key aspect
of proliferation/differentiation is cell polarity (Matter et al.,
2005).
The role of polarity in proliferation/differentiation has
been well characterized in the developing neural system of
model organisms (Farkas and Huttner, 2008). Neuroepithelial
cells are polarized along their apical-basal axis and cleavage
along this plane determines symmetric or asymmetric cell
division. Initially the NE cell population increases greatly
during the neural plate stage through symmetric cell divisions,
however; after closure of the neural tube, NE cells start to
divide asymmetrically, concomitant with a reduction in the
size of their apical membrane. Several studies define the
critical role of polarity in maintaining NE cells in a stem/
progenitor state (Rasin et al., 2007; Konno et al., 2008).
The Flemming body (i.e. midbody) is a ring like structure
that forms between dividing cells and is inherited by only
one cell during cytokinesis (Zhao et al., 2006). It has been
demonstrated that the apical membranes of symmetrically di-
viding mouse neuroepithelial cells (stem/progenitor cells) are
reduced to half after the transition to asymmetrically divid-
ing, neuron-generating cells (differentiated). This reduction
of the apical membrane is accomplished through release of
the midbody after cellular divisions, along with extraneous
membrane components, into the developing ventricle
(Marzesco et al., 2005). The mitotic kinesin-like protein
(MKLP-1) has been shown to be required for formation of the
midbody in mammalian cells, as well as being required for
cytokinesis (Liu and Erikson, 2007; Deavours and Walker,
1999; Matuliene and Kuriyama, 2002; Kuriyama et al., 2002),
for these reasons we used MKLP to label midbody particles.
hESC neural differentiation protocols have been extensive-
ly developed and characterized by many groups, and the pro-
tocols range from long term differentiations using stromal
feeders and exogenous factors, such as BMP4 (Nat et al.,
2007; Pankratz et al., 2007; Dhara et al., 2008; Schulz et al.,
2003) to a short term protocol (Bajpai et al., 2009; Curchoe
et al., 2010; Cimadamore et al., 2009), previouslyTable 1 Primary antibody purchasing and dilution information.
Tubulin Species
Acetylated Alpha Tubulin MS
MKLP RB
N-Cadherin MS
Nestin MS
Numb RB
Tuj-1 MS
ZO-1 MScharacterized by our group, that can yield multi-potent neural
stem cells that could be appropriate for use in cell based ther-
apies due to the elimination of animal components and expen-
sive exogenous factors.
Demonstrated here for the first time, MKLPwas observed in
a hESC model system. Small MKLP particles are observed
between mitotic spindles, large MKLP+ particles are observed
aggregating in the lumen of neuroepithelial rosettes, and
MKLP was not observed in the nucleus of hESC derived neural
precursors using this particular antibody, as previously
described in (human) HeLa cells (Liu and Erikson, 2007) and in-
sect cells (Deavours and Walker, 1999) using GFP-fusion trans-
fection. We characterize the epithelial junctions of the early,
symmetrically dividing stage through the later, neuron gener-
ating stages of differentiation and demonstrate the impor-
tance of polarity and junction type in the phenomenon. This
system can be used to study early neurulation events, such
as themechanism of MKLP particle loss form the lumen (not di-
rectly observed here) and apical membrane reduction in vitro,
providing insight into one of the important cellular mecha-
nisms of stem and progenitor cell maintenance.
Materials and Methods
Culture of Human ES Cells
An NIH approved human ES cell line (H9) was used to generate
neural precursors in vitro. Undifferentiated hESCs were main-
tained on irradiated mouse feeder layers and Matrigel (final
1:30, BD Biosciences, cat # 356231) in Knockout DMEM
(GibcoBRL/Invitrogen, cat #10829-018) with 20% Knockout
Serum Replacement (GibcoBRL/Invitrogen, cat #10828-028),
non essential amino acids (final 1X GibcoBRL/Invitrogen, cat
#11140-050), L-glutamine (final 1 mM, GibcoBRL/ Invitrogen,
cat #25030-081), β mercaptoethanol (final 10X, (GibcoBRL/
Invitrogen, cat #21985-023) antibiotic/antimycotic (final 1X,
Omega, cat# AA-40) and supplemented with bFGF (final 8ng/
ml Sigma, cat# F −0291-25UG). hESCs were passaged every
7–10 days by manual splitting or with Collagenase IV (final
1mg/ml, GibcoBRL/Invitrogen, cat #17104-019), diluted in
KO DMEM). Medium was changed every day and differentiating
colonies were manually removed.
Derivation of Neuroepithelial Rosettes
Relatively pure hESCs colonies (differentiating colonies were
manually removed) during the exponential growth phaseCompany Dilution
Sigma Aldrich 1:1000
Santa Cruz 1:500
Sigma Aldrich 1:100
Millipore 1:500
Millipore 1:100
Covance 1:500
BD 1:100
A. N-Cadherin
     (40X)
B. ZO-1
(40X/20X)
C. Acetylated
   alpha tubulin
   (40X/100X)
D. Vimentin
     (40X)
E. NUMB
    (40X)
Neuroepithelial rosettes Neural Pre-cursors
Figure 1 Neuro-epithelial rosettes express markers similar to defined characteristics of the embryonic floor plate. A. Rosettes express the
tight junction marker N-Cadherin (green) and B. ZO-1 (green) apically. ZO-1 is observed in thin bands, contiguous across many cells in the
migrating neuroepithelial precursors C. Rosettes display radial acetylated alpha tubulin processes (green), while acetylated alpha tubulin
is expressed only in themitotic bundle ofmigrating neuroepithelial cells. Early stage rosettes do not display the radial gliamarker D. vimentin
(green), but migrating cells at the furthest perimeter have started to express vimentin in their elongated processes. Rosettes display diffuse
E. NUMB (green), withmuch less expression observed in themigrating neuroepithelial cells immediately adjacent to rosettes. Scale bars in A,
50μm, B, 50μm/100μm and C, 50μm/10μm, D and E 50μm.
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modified from previously described protocols (Pankratz
et al., 2007; Joannides et al., 2007; Elkabetz et al., 2008;
Daadi et al., 2008). Collagenase IV passaged cells were re-suspended in PBS and large clusters, not appropriate for neu-
rosphere formation, were gravity pelleted and discarded.
Clusters of hESCs that were left in suspension (about 50–100
cells/ cluster) were transferred to a new tube, gravity
A. MKLP
     (40X) 
MKLP Dapi Combine
B. N-Cadherin
    (20X)
C. ZO-1
    (20X)
(40X/60X)
Figure 2 MKLP+ particles aggregate in the lumen of hESC derived neural progenitor rosettes. A. MKLP (red) labeled particles in di-
viding neuroepithelial rosettes. B. MKLP labeled particles in the lumen of a neuroepithelial rosette (nuclei, Dapi) co-stained for N-
Cadherin (green) a tight junction marker C. ZO-1 (green, low and high magnifications are provided), a tight junction marker and
MKLP (red) labeled particles. Scale bars in A, 50μm, B, 100μm and C, 100μm, 50μm and 25μm. (For 3D renderings of N-Cadherin
and ZO-1 see Supplemental Files 3 and 4).MKLP+ particles aggregate in the lumen of hESC derived neural progenitor rosettes. A.
MKLP (red) labeled particles in dividing neuroepithelial rosettes. B. MKLP labeled particles in the lumen of a neuroepithelial rosette
(nuclei, Dapi) co-stained for N-Cadherin (green) a tight junction marker C. ZO-1 (green, low and high magnifications are provided), a
tight junction marker and MKLP (red) labeled particles. Scale bars in A, 50μm, B, 100μm and C, 100μm, 50μm and 25μm. (For 3D ren-
derings of N-Cadherin and ZO-1 see Supplemental Files 3 and 4).
242 C.L. Curchoe et al.pelleted and washed with PBS one additional time to remove
all residual media and single cells.
Cells were re-suspended in neurosphere suspension medium
(NS) as follows: 1:1 ratio of DMEM/F-12 Glutamax (GibcoBRL/
Invitrogen, cat# 10829–018) and Neurobasal media (GibcoBRL/
Invitrogen, cat# 11140–050), BIT 9500 (final 10%, StemCell
Technologies Inc, cat# 09500), L-glutamine (final 1mM, Gib-
coBRL/Invitrogen, cat# 25030–081), antibiotic/antimycotic
(final 1X, Omega Scientific, cat# AA-40) and B27 (final 0.05X,
GibcoBRL/Invitrogen, cat# 17504–044) supplementedwith insu-
lin (Sigma, cat# I4011, final concentration 5ng/ml, nicotin-
amide (Sigma #N0636, final concentration 5 mM) BFGF (final
20ng/ml, Chemicon, cat# GF003) and EGF (final 20ng/ml,
Sigma, cat# E9644). Neurospheres were cultured for 5 days innon-adherent polypropylene dishes (Ted Pella, Redding, CA),
changing themedia every 2 days. Day 5 neurospheres were plat-
ed on fibronectin (final 1mg/ml) coated culture dishes in NS
(Bajpai et al., 2009; Curchoe et al., 2010; Cimadamore et al.,
2009).Immunocytochemistry
For immunostaining, cultured cells were fixed with 4%
paraformaldehyde/PBS for 15 minutes at room temperature
and rinsed 3 times with PBS. Following fixation cells were
blocked in 3% BSA for one hour. Subsequently, primary anti-
bodies diluted in 3% BSA/PBS + 0.1% Triton were then applied
MKLP and acetylated alpha tubulin (40X)
Figure 3 MKLP+ particles are observed between mitotic spin-
dles, nuclear localization is not observed. MKLP+ particles (red)
between acetylated alpha tubulin positive mitotic spindles
(green) and large particles aggregating in the lumen of neuroe-
pithelial rosettes, (inset, MKLP red and acetylated alpha tubulin
green). Small MKLP positive particles (red) are observed between
mitotic spindles (acetylated alpha tubulin). Inset shows the pat-
tern of acetylated alpha tubulin with MKLP+ particles aggregated
in the lumen of a neuroepithelial rosette for comparison.
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perature for 1 hour (see Table 1 for purchasing and dilution in-
formation). Cells were then washed three times for three
minutes, and incubated at room temperature with appropriate
fluorochrome conjugated secondary antibodies (1:1000 diluted
in 3% BSA/PBS). Cells were washed three times for five minutes
and incubated for ten minutes with Hoechst dye #33342 or Dapi
to label cell nuclei. Images were acquired by confocal microsco-
py and fluorescence microscopy.Results
Characterization of neuroepithelial rosettes and
aggregation of MKLP+ particles
Wecharacterized neuroepithelial rosettes for definedmarkers
of the embryonic floor plate and found them to be positive for;
Apical tight junction markers such N-Cadherin (Fig. 1A,
green), and ZO-1 (Fig. 1B, green), radial acetylated tubulin
processes (Fig. 1C, green) and do not display markers of radial
glia such as vimentin (Fig. 1D, green). Additionally, we ob-
served diffuse NUMB staining in the rosette similar to neuroe-
pithelial progenitors (Fig. 1E. green), with very little numb
staining inmigrating NE cells. In contrast to the patterns of ex-
pression observed in neuroepithelial rosettes migrating neu-
roepithelial cells display thin bands of ZO-1 (Fig. 1B, green)
contiguous across many cells, acetylated alpha tubulin only
in the mitotic bundle (Fig. 1C, green) and vimentin inelongated differentiated neural cells at the farthest edge of
the migrating cells (Fig. 1D, green).
MKLPparticle kinetics during temporal neuroepithelial
rosette culture
Weobserved here for the first timeMKLP particles aggregating
in the lumen of neuroepithelial rosettes (Fig. 2A, B and C red)
as early as day 3 of adherent cell culture. We used fluores-
cence microscopy to examine the distribution of N-Cadherin,
a tight junction marker and found apical distribution
(Fig. 2B, green) and MKLP labeled particles aggregated in the
lumen of neuroepithelial rosettes (Fig. 2B, red). We observed
another apical tight junction marker, ZO-1 (Fig. 2C and D,
green) and MKLP labeled particles (Fig. 2C and D, red) cluster-
ing in the lumen.Further examination of the distribution of tight junction
markers by confocal microscopy shows that N-Cadherin is
mainly found at the surface of the neuroepithelial rosette
lumen closest to the culture dish and MKLP particles were
mainly found above this layer (for 3D reconstruction see
Supplemental Video File 3). In contrast to the distribution of
N-Cadherin, we observed ZO-1 to form layers at the top and
bottom of the lumen, constraining the MKLP particles to the
space between the ZO-1 layers (for 3D reconstruction see
Supplemental Video File 4).
We observed MKLP expression in small MKLP+ particles
(Fig. 3 red), between acetylated alpha tubulin positivemitotic
spindles (Fig. 3, green), large particles aggregating in the
lumen of neuroepithelial rosettes, (inset, MKLP red and acet-
ylated alpha tubulin green) and we did not observe MKLP in
the nucleus of hESC derived neural precursors with this anti-
body, as previously described in the HeLa cell line.
Here we present Nestin as a reference for neural identity
after 10 days in adherent culture (Fig. 4A green), where we
observed indistinct rosette structures (Fig. 4A, dashed
lines) and scattered MKLP+ particles (Fig. 4A, red). We did
not observe any MKLP particle aggregation in differentiated
cultures, shown here by the elongated processes of Tuj-1
stained neurons (Fig. 4B, green). Tight apical junctions de-
cline in neuroepithelial rosettes after 10 days in adherent
culture. N-Cadherin is lost from nearly all rosettes and is
very faint (Fig. 4C, green) and MKLP particles (red) are
only observed in rosettes that retain apical N-Cadherin ex-
pression. Neural rosettes also lose ZO-1 expression
(Fig. 4D, green) and MKLP particles (red) are only observed
in rosettes that retain apical ZO-1 expression.
Ablation of MKLP particle aggregation in
neuroepithelial rosettes
We allowed neurospheres to adhere and cultured them two
days to allow the formation of neuroepithelial rosettes with
lumens before adding a 1% Matrigel overlay to disrupt the po-
larity of the cells. Culturing adherent neuroepithelial rosettes
with a %1 Matrigel overlay causes neural rosette structures to
deteriorate. For instance, the tight junction marker ZO-1
(Fig. 5A, red) is observed equatorially in thin bands at the bor-
ders of neuroepithelial cells (low and high magnification) and
the lumen of the rosette can no longer be observed. We ob-
served MKLP positive particles scattered throughout the cells
MKLP Dapi Combine
A. Nestin
     (20X)
B. Tuj1
     (20x)
C. N-Cadherin
     (20X)
D. ZO-1
     (20X)
Figure 4 MKLP+ particles are not observed aggregating in lumens that have lost expression of tight junctionmarkers (cultured 10 days).
A. Nestin (green) is shown as a reference for neural identity after 10 days in culture, B. MKLP labeled particles (red) do not cluster in
cultures expressing TUJ1 (green), a neuronal marker. C. After 10 days in culture, N-Cadherin expression is nearly lost in day 10 adherent
neuroepithelial rosettes and MKLP+ particles are only observed clustering in rosettes that retain apical N-Cadherin expression. D After 10
days in culture some neural rosettes lose ZO-1 expression (green, circled) and MKLP (red) labeled particles are observed only in neural
rosettes that display apical ZO-1 expression. Scale bars in A, B, C and D are 100μm.
244 C.L. Curchoe et al.(Fig. 5A, green) in contrast to the lumenal aggregation normal-
ly observed at day 3 of adherent cell culture. Apical
N-Cadherin (Fig. 5B, red) is disrupted in some neural rosettes,
(arrow head) and MKLP particles (Fig. 5B, green) were not ob-
served clustering in the lumens with disrupted N-Cadherin. In
our cultures, polarity was not always disrupted uniformly,
and some neural rosettes maintain N-Cadherin (Fig. 5B, red)
expression, and display the characteristic MKLP particle ag-
gregation (Fig. 5B, green).Discussion
The in vitro neuralization of hESCs has been widely used to
generate central and peripheral nervous system components
from neural precursors, most often through an intermediate
“rosette” stage (Schulz et al., 2003; Elkabetz et al., 2008).
The earliest stages of human development are the leastaccessible and therefore, hESC culture represents a unique
opportunity to study little known developmental phenomenon
(Fasano et al., 2010). In this study we confirm that hESC de-
rived neuro-epithelial rosettes (differentiated with our rapid
differentiation protocol (Bajpai et al., 2009; Curchoe et al.,
2010; Cimadamore et al., 2009)), express some characteristics
of the developing embryonic neural plate, characterized by
expression of the tight junction proteins ZO-1 and
N-Cadherin (Aaku-Saraste et al., 1996). Moreover, neuroe-
pithelial rosettes display a characteristic acetylated alpha
tubulin cytoskeletal arrangement (similar to that observed in
the developing embryonic neural plate) (Bhattacharyya
et al., 1994).
Demonstrated here for the first time, MKLPwas observed in
a hESC model system by immunofluorescence. In our hands
small MKLP particles are observed between mitotic spindles,
large particles aggregating in the lumen of neuroepithelial
rosettes, and was not observed in the nucleus of hESC derived
1% Matrigel overlay
MKLP
A. ZO-1
   (100X)
MKLP Dapi
B. N-Cadherin
    (20X)
Combine
Figure 5 Aggregation of MKLP+ particles in the lumen of neuro-epithelial rosettes is abrogatedwith the ablation of apical-basal cellular
polarity. Culturing adherent neuroepithelial rosettes with a %1 Matrigel overlay (known to disrupt polarity) causes neural rosette
structures to deteriorate. A. ZO-1 (red) staining is localized to the cell membrane (low and high magnification) MKLP labeled particles
do not cluster when ZO-1 expression is no longer expressed apically in neural rosettes. B. Apical N-Cadherin (red) is disrupted in some
neural rosettes, (arrow head) and MKLP (green) labeled particles do not cluster. Some neural rosettes maintain N-Cadherin (red) expres-
sion, and display the characteristic MKLP (green) labeled particle clustering. Scale bars in A 10μm, B 100μm.
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cells (Liu and Erikson, 2007) and insect cells (Deavours and
Walker, 1999). This observation could be due to the differ-
ences between the twomodel systems or themethod of detec-
tion used (GFP fusion protein transfections versus immune-
fluorescence) and should be examined methodically.MKLP+ particles were observed in aggregations in the
lumen of “early” rosette structures. Furthermore, we ob-
served numerous free floating MKLP+ particles and empty
lumen structures of hESC derived neuro-epithelial rosettes
that had beenmaintained in culture for extended time periods
and have lost either ZO-1 or N-Cadherin staining, similar to the
phenomenon observed in the developing neural tube in vivo.
We determined that the loss of MKLP+ particles occurs from
“late” as opposed to “early” stage neuro-epithelial rosettes
(characterized by junction type). Unfortunately, it was be-
yond the scope of this work to investigate the mechanism of
MKLP+ particle release; however we have included some tan-
talizing videos in the supplemental data of MKLP+ particles
in, what we can only assume, is the process of release into
the media. In Supplemental Video 1, taken between days
3–5 of adherent cell culture, we observed MKLP+ particles to
be moving slightly, apparently still associated with the neu-
roepithelial cells or culture dish. In Supplemental Video 2,
taken after 5 days of culture, we observed MKLP+ particles
floating freely.Disrupting the apical-basal polarization of “early” stage ro-
settes with a 1% Matrigel overlay (Krtolica et al., 2007) nearly
ablates MKLP+ particle aggregation in the lumen of rosettes,
demonstrating that the apical-basal polarity of early NE cells
is necessary for lumenal MKLP+ particle aggregation. In our
hands the Matrigel overlay did not fully disrupt polarity and
in some cases we observed intact rosettes. This could be dueto the inherent heterogeneity of neurosphere cultures, as
they tend to differ in size, and therefore volume at the time
of adherence. We observed differing patterns of N-Cadherin
(Supplemental Video 3) and ZO-1 (Supplemental Video 4) ex-
pression, of the membranes formed on the culture dish side
and both sides of the lumen respectively. It is possible that
the 1% Matrigel overlay disrupts molecular signaling from the
disk of ZO-1 at the top of the neuroepithelial lumen.
The adult CNS, like other tissues contains stem cells, and in
some cases stem cells have been implicated in cancer, such as
glioblastoma. Recently, membrane particles from cerebrospi-
nal fluid have been used as a potential model for studying neu-
rological disease (Huttner et al., 2008), and here we present
an in vivo model to generate particles from hESCs. Here we
demonstrate for the first time the phenomenon of MKLP+ par-
ticle aggregation in the lumen of neuroepithelial rosettes. This
model system can be used to generate neural cells of various
stages of differentiation and demonstrates the potential im-
portance of polarity and junction type in the phenomenon of
MKLP+ particle aggregation. This system can be used to study
early neurulation events, such as themechanism of MKLP+ par-
ticle release, a phenomenon not directly observed here, and
apical membrane reduction in vitro, providing insight into
one of the important cellular mechanisms of stem and progen-
itor cell maintenance.
We conclude that early hESC derived neuro-epithelial
rosettes can model early neurulation events, such as the tran-
sition from neural plate like cells to neural tube like cells (i.e.
symmetric to asymmetric NE cell division) demonstrated by
MKLP+ particle inheritance and distribution using junction
type as an indication of stage.Supplementary materials related to this article can be
found online at doi: 10.1016/j.scr.2011.11.003.
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